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Abstract 
 
In the last few years, considerable headway has been made towards understanding patterns of 
species richness along latitudinal and elevational gradients, mostly by focussing on the 
influences of surface area, climatic factors, evolutionary history, and stochastic processes. 
However, the potential impact of population level processes in determining or modifying 
patterns of species richness has largely been neglected, partly due to the difficulty of 
gathering such data for numerous species along geographical or ecological gradients. Based 
on two empirical examples, I here show that dispersal and the resulting source-sink effects 
modify patterns of plant species richness along elevation gradients, and that the inclusion or 
exclusion of such sink populations alters the perception of the diversity patterns and hence our 
interpretation of them. I argue that population processes should be taken into account when 
studying patterns of species richness, especially at scales at which dispersal is common in the 
taxon under consideration. 
 
Zusammenfassung 
 
In den letzten Jahren hat sich unser Verständnis von Mustern des Artenreichtums entlang von 
geographischen Gradienten deutlich weiterentwickelt, vor allem durch die Berücksichtigung 
der Einflüsse von Fläche, Klimafaktoren, der evolutionären Geschichte und stochastischen  
Prozessen. Der potentielle Einfluss von Prozessen auf der Populationsebene auf 
Diversitätsmuster ist jedoch weitgehend vernachlässigt worden, teilweise aufgrund der 
Schwierigkeiten die mit der Erhebung von belastbaren Populationsdaten für zahlreiche Arten 
entlang von geographischen oder ökologischen Gradienten verbunden sind. Anhand von zwei 
emprischen Beispielen zeige ich hier, dass Ausbreitung und damit verbundene Quellen-
Senken-Effekte Muster der Pflanzendiversität entlang von Höhengradienten modifizieren und 
dass die Berücksichtigung solcher Senkenpopulationen unsere Wahrnehmung von 
Diversitätsmustern beeinflussen. Populationsprozesse sollten folglich bei der Betrachtung von 
Diversitätsmustern berücksichtigt werden, vor allem auf räumlichen Skalen auf denen 
Ausbreitung der untersuchten Organismengruppe häufig stattfinden. 
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Introduction 
 
Some of the oldest and yet also most persistent questions in ecology concern the causes 
determining spatial patterns in the species richness of plant and animals. It has been claimed 
that over 100 different hypotheses have been put forward to explain such patterns (Rahbek & 
Graves, 2001), but currently considered hypotheses may be grouped around six partly 
interlinked aspects, namely area (Rosenzweig & Ziv, 1999; Lomolino 2001), climatic 
variables such as temperature and humidity (e.g., Kluge, Kessler, & Dunn, 2006), energy 
availability and ecosystem productivity (e.g., Hawkins et al., 2003; Currie et al., 2004; Evans, 
Warren, & Gaston, 2005), historical and evolutionary processes (e.g., Wiens & Donoghue, 
2004; Ricklefs, 2005), randomness and neutral theories (e.g., Gotelli & Graves, 1996; Colwell 
& Lees, 2000; Hubbell, 2001), and population-level processes such as source-sink and mass 
effects (e.g., Shmida & Wilson, 1985; Pulliam, 1988). Whereas considerable progress has 
lately been made regarding our understanding of energy availability and ecosystem 
productivity, historical and evolutionary processes, and random models (e.g., Mittelbach et 
al., 2007), the impact of population-level processes, particularly of dispersal, has mainly been 
addressed at the theoretical level and very few empirical studies are available. 
 Dispersal can influence richness patterns at a wide range of spatial and temporal 
scales. At the broadest scales, infrequent long-distance dispersal between continents decides 
evolutionary changes in community composition. At a more regional scale, the classical 
theory of island biogeography (MacArthur & Wilson, 1967) – the first ecological neutral 
theory – invokes differences in dispersal and colonization rates to explain differences in 
species richness on islands. At a more local scale, dispersal can influence patterns of species 
richness either as a result of dispersal limitation, where potentially suitable habitats are not 
occupied because propagules fail to reach these sites (Tilman, 1997; Turnbull et al., 2000), or 
due to mass or source-sink effects (Shmida & Wilson, 1985; Pulliam, 1988). The latter 
process occurs when propagules of a species are dispersed to suboptimal habitats where they 
may survive but where they are unable to produce enough offspring to maintain self-
sustaining populations. Although such sink populations have been documented in numerous 
individual species (Gilpin & Hanski, 1991; Wilson, 1992; Leibold et al., 2004), the extent of 
such populations at the community level and therefore their influence on observed richness 
patterns remains largely unexplored. This may lead to the neglect of potentially crucial 
mechanisms, as will here be exemplified by studies on elevational gradients of species 
richness.  
 
Source-sink effects along elevational gradients 
 
Elevational patterns of species richness have received considerable attention especially in the 
last two decades (e.g., Rahbek, 1995, 2005; Kessler, 2001; Lomolino, 2001; McCain, 2005). 
The elevational richness gradient was long believed to mirror the latitudinal gradient because 
both span a transition from warm to cold climatic conditions (Rahbek, 1995). Accordingly, 
species richness was considered to decline monotonically towards high elevations. Rahbek 
(1995, 2005) showed that this perception was the result of an overemphasis on a few studies 
showing such monotonic declines, but that across nearly all taxonomic groups the majority of 
studies show hump-shaped richness patterns with maximum richness at some intermediate 
point of the gradient, while acknowledging that deviations occur that may be instrumental in 
understanding the underlying mechanisms. Dispersal has been invoked as a factor to explain 
elevational patterns of species richness in two independent mechanisms. Stevens (1992) 
proposed that lower elevations have higher richness – the prevailing paradigm at that time – 
because species occurring under less extreme, tropical environmental conditions have 
narrower ecological and geographical ranges, increasing the potential for dispersal beyond the 
limited source areas. A similar argument was originally developed to explain the latitudinal 
gradient in species richness, invoking that source-sink processes ultimately creates the 
latitudinal gradient in diversity (Stevens, 1989). In contrast, hump-shaped patterns of species 
richness have repeatedly been hypothesized to be due to dispersal of species from lower and 
higher elevations, resulting in highest overlap of such sink populations at mid-elevations 
(whereas communities at the extremes of the gradient can only receive immigrants from one 
direction) (Rahbek, 1997; Kessler, 2000b; Lomolino, 2001; Grytnes & Vetaas, 2002; Grytnes, 
2003a, b; Kattan & Franco, 2004). While these ideas are intuitively appealing, beyond a few 
descriptive studies (e.g., van Steenis, 1961; Kessler, 2000b) detailed analyses are only now 
emerging.  
 In a recent study, Grytnes, Heegaard & Romdal (2008) assessed elevational patterns of 
species richness of plants along four elevational gradients in Norway at two sample grain 
sizes. Assuming that species recorded only as sterile individuals represent sink populations, 
they compared patterns of species richness using only fertile populations with patterns 
obtained when only sterile populations were considered. In several cases, they found that 
sterile-only richness patterns were more strongly hump-shaped than fertile-only patterns, 
supporting the hypothesis that source-sink effects do indeed modify elevational richness 
patterns. 
 In another study in Costa Rica, we found that terrestrial ferns show a well-defined 
hump-shaped elevational richness pattern (Kluge, Kessler & Dunn, 2006). When we apply the 
approach of Grytnes, Heegaard & Romdal (2008) to this data set, we find that elevational 
patterns of fern species richness differ significantly if we consider only fertile individuals or if 
all individuals are included (Fig. 1). Whereas fertile fern richness increased roughly linearly 
with elevation, sterile richness showed a pronounced hump-shaped pattern. Accordingly, the 
overall pattern of terrestrial fern richness along our study gradient was determined by the 
sterile populations. The different patterns of fertile and sterile fern records imply that any 
attempt at relating fern richness pattern to envronmental factors such as climatic conditions 
will result in different and possibly even contradictory conclusions depending on whether all 
or only fertile or sterile records are considered.  
 
Outlook 
 
What can we learn from these two examples? First, they strongly support the idea that the 
inclusion or exclusion of sterile individuals in vegetation surveys will affect the way patterns 
of species richness are perceived and interpreted. Second, they suggest that source-sink 
effects influence elevational patterns of species richness.  
 This raises several important questions. First, are these results applicable to other 
diversity gradients? Although data are lacking, it is to be expected that the influence of 
dispersal on diversity patterns increases at smaller spatial scales. Thus, the latitudinal 
diversity gradient will probably not be strongly influenced, whereas strong ecological 
gradients across distances from a few kilometers (as found along elevational gradients) to tens 
of meters will be impacted (Srivastava, 1999; Turnbull et al., 2000; Hubbell, 2001; Levine & 
Murrell 2003).  
 Second, how well do sterile populations reflect sink populations? Grytnes, Heegaard & 
Romdal (2008) showed that in their Norwegian data set sterile populations were more 
frequently found in the upper and lower quartiles of the elevational range of the studied plant 
species than expected by chance, supporting the assertion that sterile populations are 
indicative of sink populations. However, this relationship is certainly not perfect, especially 
among long-lived organisms under extreme environmental conditions, where successful 
reproduction may only take place at long, sometimes decadal intervals. Moreover, sterile 
populations can result from processes other than source-sink dynamics. For example, many 
ferns have vegetative reproduction and such species are not randomly distributed with 
elevation (Kluge & Kessler, 2007). Indeed, along our study transect in Costa Rica, unlike the 
study by Grytnes, Heegaard & Romdal (2008), we have no indications that sterile records are 
more frequent at the elevational range margins of the individual species, suggesting that other 
factors may be involved (S. Hoffmann, M. Kessler & J. Kluge, unpubl. data). 
 Third, how can we deal with taxa where successfully reproductive, unsuccessfully 
reproductive and non-reproductive individuals are not easily separated (most mobile animals) 
or where sterile individuals cannot be reliable identified (many plant groups, especially in the 
tropics)? Detailed analyses of individual species populations are highly time consuming, 
especially for long-lived taxa. Studying hundreds or thousands of populations of all species 
found along a given diversity gradient is clearly prohibitively expensive, but innovative 
approaches may partly get us around this problem. For example, envision the situation of a 
study group, e.g., trees, that occurs along two forested elevational gradients, one that is intact, 
and the other at which below a given elevation forest has been completely removed. By 
comparing the tree communities at the elevation just above the deforestation zone on both 
transects, one may hypothesize that tree species dependent on source populations from lower 
elevations will not be represented by seedlings along the partial transect. Alternatively, recent 
advances in molecular techniques may soon make it feasible to conduct quick and cheap 
genetic analyses of large numbers of individuals that may allow testing hypotheses about the 
genetic structure of sink populations (e.g., Hanski & Gaggiotti, 2004). 
 Fourth, what is the relationship between source-sink effects (that depend on efficient 
dispersal to be of any importance) and dispersal limitation in influencing local species 
richness? Whereas source-sink processes increase local species richness, dispersal limitation 
reduces the number of coexisting species. And while the impact of dispersal limitation on 
local species richness has been subject to considerable theoretical research, especially in 
Hubbell’s (2001) neutral model, the potential impact of source-sink effects has not been 
incorporated in this or comparable models. This requires the development of mathematical 
models that can be parameterized with empirical data and that can be used to derive testable 
predictions about the potential direction and strength of source-sink effects, as also called for 
by Levine & Murrell (2003) on the relationship of plant seed dispersal and community 
composition. 
  Fifth, may sterile sink populations blurr patterns of assemblage composition? 
Statistical analyses of fern assemblages along elevational gradients have often revealed no or 
few distinct elevational belts (Kessler, 2000a; Bach, Kessler & Gradstein, 2007; Kluge, Bach 
& Kessler, 2008), but it has not yet been studied if the inclusion of only fertile records might 
increase the resolution of such analyses. 
 Progress on our understanding of the impact of dispersal – either through dispersal 
limitation or through source-sink processes – on patterns of species richness and community 
composition will depend on closer collaboration between biologists studying populations and 
those focussing on patterns of species richness. The challenges are enormous, but if we fail to 
pursue this direction of research, we will ignore a potentially important determinant of 
diversity patterns. 
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 Figure 1. Species richness of all (black), only fertile (light grey), and only sterile (grey) 
terrestrial fern species along an elevational gradient in Costa Rica (J. Kluge & M. Kessler, 
unpubl. data). For clearity, number of species was averaged within elevational bands of 500 
m. Fitted lines are 2nd order polynomial regression lines. Analysis of Covariance revealed 
significant differences between slope and intercept of 2nd-order polynominal regeressions of 
elevation against terrestrial richness of fertile and sterile populations (p < 0.001) 
 
 
 
